The source-side injection current in a split-gate structure has been modeled starting from the electron energy distribution along the Si-SiO 2 interface provided by the deterministic solution of the Boltzmann Transport Equation in the semiconductor domain. When accounting for parallel momentum conservation, the order of magnitude of the current and its dependence on applied voltages is successfully reproduced.
Introduction
Standard simulation tools, based on transport models derived from the moments of the Boltzmann Transport Equation (BTE), are commonly used in technology development. However, being approaches that employ macroscopic averages, they do not fully capture non-local effects, such as carrier heating, thus making the modeling of gate currents rather questionable. On the other hand, Monte Carlo (MC) calculations are still characterized by a considerable computational burden, which excludes them from extensive design studies. In recent years, the spherical-harmonics expansion (SHE) of the BTE [1] has proven to be a valuable tool for the analysis of semiconductor devices. The main advantage of the method is the possibility to compute the energy-distribution function of the carriers in a deterministic way, which is computationally many times faster than MC simulators. In this work, the BTE solver HARM [2] is used to calculate the electron energy distribution along the silicon surface in a HIMOS TM memory device [3] , programmed by source-side injection. Such a distribution is then post-processed to evaluate the floating-gate current.
Device Description and Experimental Data
The HIMOS TM concept uses a split-gate transistor, consisting of a floating-gate channel in series with a control-gate channel (Fig. 1) . A third electrode, located on the field region, couples a relatively high voltage onto the floating gate, so that, during programming, the floating-gate potential is always higher than the potentials of both drain and control gate. Samples used in this study have been manufactured in a 0.18 µm technology and feature a 0.21 µm-long control gate and a 0.42 µm-long floating gate. A 7.5 nm oxide isolates the gates from the silicon substrate. Floating-gate currents have been determined from the programming characteristics, so that the total displaced charge is very small and the influence of trapping is ruled out [3] . Thus, I f g = C p dV th /dt, where C p is the coupling capacitance between floating-gate and program-gate and V th 
Physical Models
HARM solves the following system of equations, which results from the SHE of the stationary BTE after truncation of the expansion to first order [1] :
f 0 (r, ) and f 1 (r, ) are the 0 th -and 1 st -order coefficients of the distribution function, g( ) is the density of states in silicon, u g ( ) the modulus of the group velocity, τ 1 the microscopic relaxation time and C(f 0 ) the collision term. The main scattering mechanisms in bulk silicon (acoustic and optical phonons, ionized impurities, and impact ionization) are accounted for using the parameter values published in [2] . As for the transport in the inversion layer, the two-dimensional collision mechanisms include surface acoustic phonon scattering, Coulomb scattering with charged centers located near the Si-SiO 2 interface and surface-roughness scattering [4] .
Modeling of the Gate Current
When accounting for parallel momentum conservation, the hot-electron current flow from Si into SiO 2 reads [5]
where θ is the angle between the direction of the group velocity and the unit vector normal to the Si-SiO 2 interface, and E B the barrier height. On the contrary, ignoring the conservation of parallel momentum, i.e., allowing all electrons with total energy larger than the barrier height to be injected into SiO 2 , one finds
The density of states and the modulus of the group velocity are known from band structure calculations, while the energy distribution function f = f 0 [1] is provided by the solution of the BTE within the device. A hydrodynamic simulation is carried out to evaluate the energy barrier profile and the current loss factor due to electron scattering in the oxide [5] , as well as the potential distribution, which is required as an input for HARM.
Simulation Results and Comparison with Experiments
Fig . 2 shows the substantial increase of the electron population at high energies under the floating gate in the vicinity of the split-point, thus identifying the location where hot-carrier injection occurs. In Fig. 3a , the floating-gate current has been calculated using Eqs. 2 and 3. Clearly, only when accounting for parallel momentum conservation, the order of magnitude of the current is correctly reproduced. For completeness, the tunneling component, calculated using the WKB method, is shown as well. Its contribution to the total current is found to be negligible with respect to the hot-current one. In Fig. 3b , the floating-gate currents have been evaluated using Eq. 2, without any attempt to adjust the scattering parameters incorporated in HARM. The agreement between simulation and experiment is not perfect, since the calculated currents overestimate the experimental data. However, the dependence of the gate current on the applied voltages is reasonably reproduced. 
Conclusions
Source-side injection modeling has been tackled starting from the knowledge of the electron energy distribution function at the silicon surface, calculated by the deterministic BTE solver HARM. When accounting for parallel momentum conservation, the calculations reasonably agree with the measurements.
